Background. Germination is a key step for successful Bacillus anthracis colonization and systemic dissemination. Few data are available on spore germination in vivo, and the necessity of spore and host cell interactions to initiate germination is unclear.
Cutaneous anthrax is the most frequent form of the natural disease in humans. It has a lower mortality than inhalational and gastrointestinal forms [1] [2] [3] , suggesting the existence of control mechanisms in cutaneous tissue. Resistance to cutaneous anthrax infection in some animal species has been correlated with the extent of local inflammatory reaction [4] . As anthrax occurs as an acute disease, innate immunity is the first line of defense that may control Bacillus anthracis infection at an early stage in unimmunized hosts. Secretory type II-A phospholipase A2, an effector of the innate immune response, is highly bactericidal in vitro and in vivo against B. anthracis [5, 6] . Interferon γ (IFN-γ) helps cells and mice to resist anthrax infection [7] [8] [9] . Natural killer (NK) cells are the prime innate immune cells secreting IFN-γ at the onset of an infection; B. anthracis spores activate NK cells to secrete high levels of IFN-γ and to play a role in controlling the initial steps of infection [10] .
Anthrax is a combination of toxemia and rapidly spreading infection that evolves into septicemia. The general perception is that B. anthracis spores are transported from the original site of inoculation to draining lymph nodes, where the spores germinate [11] and give rise to the toxin-producing encapsulated bacilli [2] . The lethal and edema toxins alter host cell signaling and modulate the host immune response [12, 13] . The poly-gamma-D-glutamate capsule [14, 15] is antiphagocytic and nonimmunogenic, and it mediates close interaction with the liver endothelium [16] . The bacilli multiply locally and enter the bloodstream for systemic dissemination, particularly to the spleen and the lungs [17] , leading to death.
The spore is a highly resilient dormant bacterial form able to withstand extreme conditions. The mature spore is composed of a core surrounded by several integuments progressively assembled during sporulation. The outermost layer of the B. anthracis spore is the exosporium, consisting of a paracrystalline basal layer and a hair-like outer layer. Because the exosporium is exposed on the surface, it may play a role in initial interactions of spores with the host tissue environment.
On return of favorable environmental conditions, and more specifically on entry into a host, spores can readily convert to actively growing vegetative cells through a process known as germination. Germination is a key step for successful B. anthracis colonization and spread throughout its host. Germination receptors (GerH, GerK, GerL, GerS, and GerX [18] ) are triggered by various germinants in the environment (eg, amino acids and purine nucleosides). The GerP proteins play a role in spore coat permeability, and their mutation leads to delays in germination [19] . Cortex lytic enzymes (CwlJ, SleB, and SleL) are key to germination completion, as they contribute to degradation of the spore cortex peptidoglycan [20] . In vitro approaches have suggested that germination occurs on contact between spores and macrophages and dendritic cells [21] [22] [23] [24] [25] [26] . However, few data are available on germination in vivo. In a model of cutaneous infection, Sohnle et al showed that germination occurred on abraded skin, but not if the skin was intact, and appeared to be triggered without cell contact [27] .
To address the early interactions between B. anthracis spores and the host environment, we used a model of infection in a cell-free environment in the guinea pig and a model of natural cutaneous infection in the mouse ear [28] . The former model enables investigation of the role of a germination pathway in the absence of cell contact, and the latter allows precise and confident analysis of the kinetics of infection from the portal of entry to the draining lymph node and deeper host tissues.
METHODS

B. anthracis Strains and Mice
Female outbred Swiss OF1 mice (weight, 22-24 g) and Hartley guinea pigs (weight, 200-250 g) were obtained from Charles River (L'Arbresle, France). Animals were housed in the animal facilities of Institut Pasteur, licensed by the French Ministry of Agriculture and in compliance with European regulations. All animal experiments were conducted according to European Union guidelines (http://ec.europa.eu/environment/chemicals/ lab_animals/home_en.html) and were approved by the animal care and use committee at the Institut Pasteur.
The B. anthracis strains used were the encapsulated nontoxinogenic ΔpagA 9602P strain (median lethal dose, <25 spores subcutaneously) [29, 30] , the 9602P-lux strain [28] , the Sterne 7702 strain, and the Sterne-equivalent 9602R ( pXO1+, pXO2-) strain [31] .
Infection Experiments
Suspensions of purified spores in phosphate-buffered saline (PBS; 10 µL) were injected into the ear [28] . The inoculum size (mean inoculum [ ± SD], 4.03 ± 0.16 log 10 CFU; n = 14) was verified retrospectively by plating 10-fold serial dilutions on brain heart infusion (BHI) agar plates.
In vivo germination in the tissues was addressed through CFU counting. To accurately determine the extent of germination in the infected tissues and avoid germination triggering due to mechanical dissociation, for each experiment 2 groups of mice were inoculated. At various times after inoculation, the infected ear, the draining lymph node, the liver, the spleen, and blood were recovered. For one group of infected animals, tissues were immediately homogenized, and bacteria were counted to determine total CFU (ie, spores and bacilli). Tissues from the other group were heated immediately for 30 minutes at 65°C then homogenized before CFU determination-this reveals the number of heat-resistant CFU (ie, spores; hereafter termed "spore CFU"). The spore CFU is a measure of the spore load in the organs; any vegetative cells and spores having undergone germination that are present in the tissue are killed by the heat treatment, as confirmed by preliminary tests after infection with vegetative cells (data not shown). Groups of at least 6 animals were used to calculate the mean ± standard error of the mean (SEM) of the CFU in the 2 groups (nonheated and heated). Statistical comparisons of the CFU for the 2 groups were performed, and the percentage of spores that had undergone germination was calculated [22] . In some experiments, spores of the erythromycin-resistant 9602P-lux strain were inoculated at the same site of a previous inoculation of spores of the erythromycin-susceptible 9602P strain; enumeration of the 9602P-lux spores and the total CFU were performed in the presence of the selective antibiotic. In some experiments, ampicillin (15 mg) was injected intraperitoneally 2 hours after spore inoculation; the vegetative and germinating spore bacterial load in the ear (calculated as the total CFU minus the spore CFU) was determined 3 hours later.
Intraperitoneal Chamber Implantation in the Guinea Pig
The titanium diffusion chamber (length, 2.7 cm; diameter, 1.2 cm) was assembled with polycarbonate membranes with pores having a diameter of 0.22 µm [32, 33] . Each membrane was checked by microscopy for the absence of holes or tears. After sterilization by autoclaving, the chamber was sterilely implanted into the peritoneum of guinea pigs under deep anesthesia. After insertion, the peritoneal muscle wall and the skin were sutured around the sampling portal, leaving it accessible from the outside for injection and sampling. The chambers were then filled with 1 mL of sterile PBS. After implantation, animals were not manipulated for 24 hours to allow fluid equilibration between the chamber and the peritoneal cavity.
After extraction of 100 µL from the chamber through the sampling portal with a syringe, 100 µL of a suspension of Sterne spores were inoculated into the chamber. Sampling of the chamber fluids (100 µL) was performed 0.5-6 hours after inoculation. Total bacterial concentration was quantified by CFU counting after plating 10-fold dilutions onto BHI plates. Spore concentration was determined by CFU enumeration after heating the samples for 30 minutes at 65°C (heat-resistant form). The percentage of spores that had germinated was then calculated. For each sample, absence of eukaryotic cells in the sample was checked by light microscopy to confirm the integrity of the chamber membranes.
Electron Microscopy
Tissues were fixed overnight in 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer at 4°C. Specimens were postfixed in 1% osmium tetroxide in 0.1 M sodium cacodylate buffer for 1 hour at room temperature, dehydrated in graded series of ethanol, and embedded in an epoxy resin. Ultrathin sections were stained with 2% uranyl acetate and lead citrate and examined using a Jeol JEM1010 transmission electron microscope (TEM; Jeol, Tokyo, Japan) at 80 kV and an Eloise MegaView III camera (Eloise SARL, Roissy, France).
Statistical Tests
Results are expressed as mean values ± SEM. Statistical significance was determined by the Student t test.
RESULTS
Host-Cell Independence of B. anthracis Germination in the Guinea Pig Model
To investigate whether germination could occur in the absence of direct contact or phagocytosis by host cells, intraperitoneal cell-free chambers were seeded with spores of the Sterne 7702 strain, and germination was assessed in samples of the intrachamber fluids at various time points. Germination was triggered as early as 30 minutes after seeding (Table 1) ; the extent of germination was not correlated with the sampling time points or the size of the inocula (range, 10 4 to 2.4 × 10 6 spores). Overall, mean germination ( ± SEM) was 55% ± 5.5% (n = 13 independent animals; range, 22%-85%). Thus, our results show that germination of B. anthracis spores in vivo is highly effective in a cell-free environment, suggesting that diffusible germinants are sufficient to trigger the process.
Rapid Triggering of Extracellular Germination During Cutaneous Infection in Mice
In vivo germination in ear cutaneous tissue was addressed through CFU counting in the first hour of infection. It has been reported that the mechanical dissociation used for organ homogenization triggers significant germination [34] ; our preliminary experiments confirmed this observation (data not shown). Triggering of spore germination by mechanical abrasion has also been reported for Bacillus subtilis [35] . To overcome this problem, we heat treated the infected organs before homogenization and plating. To obtain total bacterial counts (ie, vegetative cells and spores), infected organs from a second group of animals were homogenized and plated without heat treatment. Statistical comparison of the CFU counts for the 2 groups allowed determination of the true extent of germination in the infected tissues before sample preparation (Methods).
Comparison of the total bacterial CFU (spores and vegetative cells) and heat-resistant CFU (spores) after inoculation of spores of the encapsulated nontoxinogenic strain 9602P strain into the ear showed that germination was extensive (76%) within 15 minutes ( Figure 1A ) and remained at a similar level for the first 6 hours. The absolute number of spore CFU remained unchanged throughout the infection process ( Figure 1A) ; this ungerminated spore subpopulation was able to germinate, as it gave rise to CFU on BHI agar, thus enabling enumeration. Inoculation of another spore population (which could be tracked owing to an antibiotic resistance marker) at the same site of infection 30 minutes after inoculation of the first spore population showed that germination of this "tracer" was equivalent as measured in a noninfected site (75% vs 78%; Figure 1B ). This shows that germinants were still locally available at the site of infection. ; n = 14; arrow on the x-axis). The ears were sampled at the indicated times thereafter, and the number of total bacterial CFU (ie, spores plus bacilli; closed symbols) and the number of spore CFU (ie, heat-resistant CFU; open symbols) were quantified in 2 independent animal groups. Results are from at least 2 independent experiments for each time point and are expressed as mean ± standard error of the mean (n = 12 for the nonheated and heated groups). Threshold values for CFU detection were 10 CFU. *P < .004, by the Student t test, for the total versus the spore CFU at the indicated time points. Percentage germination calculated for the first 6 hours are presented as a histogram. B, An inoculum of the "tracer" spore 9602P-lux strain (erythromycin resistant) was injected either in a noninfected ear or 30 minutes after inoculation of spores of the 9602P strain; 30 minutes later, the spore (right bar in each group) and total (left bar) CFU numbers of 9602P-lux spores were determined. C, Transmission electron microscopy images of sections of the ear tissue 15 minutes and 60 minutes after inoculation. Representative pictures of nongerminated (NG; a and c) and germinating (G; b and d) spores are shown (see Results). High magnifications of the exosporium surface (corresponding location specified as a dark line rectangle in the low magnification pictures) are shown at 15 minutes (inset a) and 1 hour (e and f ) after inoculation. The arrows show a deposit of electron-dense material on the external surface of the exosporium. Panel g shows a nascent bacillus exiting the exosporium layers. Panel h shows intracellular nongerminated and germinating spores in a neutrophil, with its characteristic polylobated nuclei. D, Two hours after spore injection into the ear tissue, ampicillin (15 mg) was injected intraperitoneally, and the vegetative bacterial load (total CFU minus the spore CFU) was determined 3 hours later. Results are expressed as mean ± SEM (n = 4) and are representative of 2 independent experiments. *P = .00043 for the ampicillin-treated group vs the untreated group. Figure 1C) showed that the majority of spores (62%, derived from a total of 91 spores in 131 electron micrographs) were germinating at 15 minutes and 1 hour after inoculation. Of these germinating spores, 58% (47) were in the extracellular tissue without cells in proximity. A total of 34 spores (42%) were also detected intracellularly 1 hour after inoculation, all in neutrophils, either in a ungerminated form (for 11) or a germinating form (for 23; Figure 1C , panel h).
TEM of the ear tissue (
In Situ Spore-Host Interactions in the Cutaneous Ear Tissue
High-magnification observation of the spore exosporium through TEM showed that it was often associated with an electron-dense deposit 1 hour after inoculation, whether the spores were ungerminated ( Figure 1C , panels c and e) or undergoing germination ( Figure 1C, panels d and f ) . Such deposit was not observed 15 minutes after inoculation ( Figure 1C, panels a and b) . This strongly suggests that it originates from host components. The nascent bacterial body exited from the exosporium through an opening at one pole of the spore ( Figure 1C, panel g) , showing that the germination events described in vitro [36] also occur in vivo.
Although germination was extensive from 15 minutes onward, the total B. anthracis CFU count in the ear remained stable for the first 6 hours ( Figure 1A ). To differentiate between bacterial persistence without multiplication and equilibrium between bacterial multiplication and death, the effect of short-term ampicillin treatment on CFU counts was monitored. Ampicillin treatment 2 hours after inoculation eliminated nearly all vegetative cells, as assessed 3 hours later ( Figure 1D ). This sensitivity to ampicillin demonstrates that cell wall synthesis and local multiplication of B. anthracis occurs in the cutaneous tissue. Furthermore, the lack of bacterial count increase at this early stage of infection suggests that B. anthracis growth was controlled at least for the first 6 hours of infection. Later, the bacterial counts increased rapidly, reaching a plateau at 16 hours; the apparent in vivo doubling time was estimated to be around 40 minutes between 6 hours and 16 hours ( Figure 1A) .
No Detectable Germination in Lymphoid Organs and Liver
Dissemination of B. anthracis spores into the draining lymph node could be detected within 2-3 minutes of inoculation (43, 57, 503 , and 2.9 × 10 3 CFU per lymph node for 4 independent mice). The number of spores reaching the lymph node was greatest 15 minutes after inoculation (Figure 2A) . A sharp increase in the number of vegetative cells was observed after the sixth hour of infection. The absolute number of spore CFU remained unchanged throughout the infection.
Although blood samples were all negative <11 hours after inoculation ( Figure 2B) , B. anthracis spores were detected in very low numbers in the liver and spleen of most animals (75% and 79% of mice, respectively, had organs harboring CFU 1 hour after inoculation; Figure 2C ); no germinating spores or vegetative bacilli were found at this time point. Thereafter and during the first 11 hours of infection, the proportion of mice (63%-83%) harboring B. anthracis spores in the liver and spleen remained unchanged, germination was not detected, and the number of CFU remained constant ( Figure 2C ). The absence of germination for the first 6 hours (in the draining lymph node) and 11 hours (in the liver and spleen) of infection in macrophage-rich organs raised the question of whether the spores that reached these organs could be a subpopulation of spores refractory to germination in vivo. To bypass the cutaneous stage of the infection, mice were inoculated intravenously with spores, and their germination state was then checked in the liver and spleen 6 hours later. In neither of these organs could germination be detected ( Table 2) . Absence of germination for the first hours of infection was also observed after injection of spores of the toxinogenic nonencapsulated strain 9602R (Table 2) ; this excludes a role for edema and lethal toxins in triggering germination through toxin-induced local cell death and tissue damage by few germinating spores and nascent bacilli.
At later time points during ear infection, 5 of 12 blood samples were positive for B. anthracis at 11 hours, and all mice were bacteremic after 16 hours ( Figure 2B) . A rapid increase in bacterial counts in the liver and spleen was observed only after the eleventh hour, with an apparent doubling time of 25 minutes between 11 and 16 hours. The absolute number of spores remained stable throughout the infection, strongly suggesting that the bacterial population was maintained through seeding and local multiplication by incoming bacilli from the blood. Death occurred between 24 and 32 hours after inoculation.
DISCUSSION
Germination is a key step in the B. anthracis life cycle in its host. We show that most spores germinated within 15 minutes in the ear, whereas germination was not detected for 6-11 hours in lymphoid organs, such as the draining lymph node, spleen, and liver, that are rich in macrophages and antigenpresenting cells. Production of edema and lethal toxins did not alter this phenomenon.
Germination has been shown to occur during spore phagocytosis by macrophages and dendritic cells [21] [22] [23] [24] [25] [26] . Our data suggest that, besides interactions between spores and macrophages or dendritic cells, other extracellular factors may be sufficient for germination to be triggered in the absence of cell contact in the cutaneous tissue of the ear. Some tissues do not allow rapid germination, as has been reported for rat peritoneum [37] , mouse peritoneum, bronchoalveolar lavage fluids, and lungs [22, 34, 38] . This may be related to the particular environment in the tissue and may involve the local availability of germinants and/or interactions with the extracellular matrix, as well as cells, such as keratinocytes, dendritic cells, or macrophages. The existence of a lesion of the respiratory epithelium favors local germination of the spores at the immediate site of the lesion [28, 39] . Preexisting lesions by the endoparasitic acarian Pneumonyssus simicola in Macaca mulatta result in local initiation of B. anthracis infection by aerosol [40] . In these cases, transport to the draining lymph node is not required for germination to occur.
The skin is known to harbor a dense network of dendritic cells [41] , and germination has been demonstrated on abraded skin [27] . One may hypothesize that breaches in the cutaneous epithelium, as observed during natural cutaneous anthrax, may reproduce a similar host defense reaction as observed with a lesion of the respiratory epithelium, ultimately resulting in release of germinants. Observation of in situ germination in the cutaneous tissue through TEM showed that germinating spores are found in areas with no surrounding cells. Furthermore, germination was observed in a model of in vivo infection in a diffusion chamber that physically separated the spores from host cells. These observations show that germination can be efficiently triggered in the absence of direct cell interactions. Thus, both pathways of germination, with or without cell interactions, can trigger germination in vivo. Their relative proportion would be determined by the relative influence of the initial microenvironment. In particular, during inhalational anthrax in which bronchoalveolar lavage fluids and lungs do not trigger extensive germination [22, 34, 38] , we speculate that crossing an intact respiratory epithelial barrier will favor spore interactions with cells (dendritic cells, epithelial cells, and macrophages) and tip the balance toward cell-derived germination triggering. Clearly, the initial events triggered at the initial sites of infection warrant further studies to understand the molecular mechanisms leading to germination in vivo.
Another observation that could be of biological significance is that the spore exosporium became covered by an electrondense deposit as early as 1 hour after inoculation. Because it Mice were injected intravenously with 3.00 ± 0.21 log 10 spores of either the encapsulated nontoxinogenic 9602P strain or the nonencapsulated toxinogenic 9602R strain. Six hours after infection, the number of CFU were determined in the liver and spleen. Data are for 6 mice. There was no statistically significant difference between the total and spore counts (by the Student t test).
Abbreviations: CFU, colony-forming units; SEM, standard error of the mean. a Data are no. of CFU in nonheated organs (ie, spores and vegetative cells).
was not present earlier and also covered ungerminated spores (which are metabolically nonactive), it can be proposed that this material is derived from the host. Structurally, the deposit is on the surface of the hair-like layer of the exosporium, composed of protein BclA [42] . Such alterations of the spore surface will modify the characteristics of interactions with the host cells, tissues, and innate defenses, favoring indirect interactions between host molecules on the spore surface and host receptors of the innate immune cells, in place of direct interactions between spore surface components and host receptors.
A given subpopulation of inoculated spores did not germinate in vivo. This in vivo unresponsiveness was not related to a deficit in locally available germinants at the site of infection, because another spore inoculum was able to germinate efficiently at the same site. Since the ungerminated spore subpopulation could germinate in a different environment in vitro, these spores thus fit the definition of superdormant spores as described in vitro [43, 44] .
Despite spore dissemination in the draining lymph node, liver, and spleen after intradermal inoculation, germination was restricted to the dermis, and replication of germinated bacteria was at first local. The innate immune system is most likely responsible for local control of bacterial growth, with an equilibrium between cell wall synthesis, bacterial multiplication, and killing, most clearly demonstrated by the rapid decrease in CFU on in vivo ampicillin treatment. Early cell recruitment to the cutaneous site of infection has been reported [4] . Macrophages play a more dominant role than neutrophils during infection with the Ames strain [34] . Among the factors produced by the inflammatory cells that may be involved in B. anthracis growth control are the highly bactericidal secretory type II-A phospholipase A2 [5, 6] , defensins [45] [46] [47] , IFN-γ [7] [8] [9] 48] , and oxygen radicals [49] .
Cutaneous anthrax is the least severe form of the disease in humans, in contrast to inhalational anthrax, which has a high mortality rate [1] [2] [3] . Early germination coupled with growth and death of the bacteria may release microbial components that, acting as danger signals, will trigger the innate immune system to recognize and control the infection at this early stage. Edema and lethal toxins would deactivate these host defense mechanisms. Depending on the rapidity of secretion of these toxins, one would hypothesize that a short window exists during which the host innate response would be able to restrict bacterial growth and dissemination. Of note, the subsequent burst of bacterial growth in the ear and the draining lymph node observed in our model after 6 hours indicated that the innate immune system was overwhelmed. In our experimental model, no active edema and lethal toxins were produced, so this observation suggests that B. anthracis virulence factors other than these toxins are involved in the breaking of growth control and/or dissemination.
Our study thus highlights the complexity of interactions between B. anthracis and host, depending on the microenvironment of the tissue harboring the spores. It also demonstrates the possibility, and the need, to strengthen the natural control mechanisms that are physiologically able to counter the initial growth of B. anthracis.
